Methane eructed by ruminant animals is a main contributor to greenhouse gas emissions and 22 is solely produced by members of the phylum Euryarchaeota within the domain Archaea. 23
Introduction 41
Reduction of global greenhouse gas (GHG) output is necessary to prevent a further increase in 42 global warming, which is predicted to result in multiple detrimental effects for the 43 environment and human affairs (Schleussner et al., 2016) . The necessary measures are 44 focused on the industrial and agricultural sectors in developed countries, with the aim to 45 reduce carbon dioxide, methane and other GHG emissions. One of the predominant sources of 46 methane emission, estimated to be as high as ~35% of the total anthropogenic methane 47 emissions worldwide (IPCC, 2007; McMichael et al., 2007) , is the agricultural sector, and 48 especially the eructation by ruminant animals (Murray et al., 2007) . 49
Ruminal microbes play a pivotal role in the breakdown of animal feed and contribute between 50 35 to 50% of the animal's energy intake (Bergman, 1990) . The ruminal microbial 51 composition is complex, with diverse populations including bacteria, archaea, fungi, and 52 protozoa. Their functional capacity is vast and has not yet been fully elucidated (Hess et al., 53 2011; Li et al., 2012) . 54
Notwithstanding the ruminal microbial complexity, methane is solely produced by a few 55 members of the phylum Euryarcheota belonging to the Archaea (Hook et al., 2010) . It has 56 been shown that a change in diet can have a significant effect on the methane emissions of 57 ruminants (Liu et al., 2011; van Gastelen et al., 2015) , but the mechanisms that drive this 58 change are not fully understood. The methanogenic archaea are not directly involved in the 59
For contigs, which did not retain any hits after the filtering described above, another run with 165 blastp of the associated proteins was performed against a custom download of the KEGG 166 Orthology (KO) database (download 25.04.2014). Taxonomic assignment was again 167 performed with the LCA algorithm, but only hits were considered, which did not deviate by 168 more than 10% from the hit with the maximal identity. 169
All taxa, which were attributed to the phylum Chordata, kingdom Viridiplantae or to artificial 170 constructs were considered to be contaminations and were automatically removed, as well as 171 any proteins in which the annotation contained the word "microvirus". Furthermore, contigs 172 that had a length of less than 300 nucleotides and which did not contain any proteins with a 173 functional domain (disregarding the coils database) were discarded. Contigs belonging to the 174 Illumina spike in PhiX phage were manually removed. 175
A compact schematic representation of the workflow is provided in Figure 1 . 176
177

Statistical analysis 178
Differential expression was calculated in R version 3.1.1 (R Core Team, 2012) with the 179 edgeR package release 3.0 (Robinson et al., 2010) . Only genes, which had at least 50 reads 180 mapped in all ten samples together were considered, and only genes with a p-value and q-181 value <0.05 in any of the comparisons were considered to be significantly differentially 182 expressed. Furthermore, samples from cow #14 and #511 were excluded from the statistical 183 analysis, due to dermal antibiotic treatment and due to feeding aberrations. To examine 184 missing links within pathways, a q-value <0.1 was also considered (referred to as "lenient 185 approach"). The used input file, the R script with the commands, output tables and MA plots 186 can be found in supplementary file 4. To determine whether transcription levels corresponded 187 to the diet components, the differentially expressed genes were sorted for each gene by diet 188 group with increasing GS content, and an increasing or decreasing isotonic regression was fiton the data. 
Metabolic mapping 198
All derived EC numbers were mapped with custom scripts onto the KEGG database 199 (Kanehisa et al., 2012) and visualized using Python Scipy version 1.6.1 and NumPy version 200 0.9.0 (van der Walt et al., 2011) together with matplotlib version 1.4.3 (Hunter, 2007) . 201
Differentially expressed genes were investigated separately for microbial groups, which 202 showed changes over multiple genes per pathway, and changed functions were determined by 203 manual inspection of the KEGG maps. 204
Availability of data and material 205
All data has been deposited at the European Nucleotide Archive (ENA) under accession 206 numbers ERS685245 -ERS685256 and ERS710560 -ERS710568 207
208
Results
209
Four experimental groups of three cows each were fed a control diet that contained only GS 210 as roughage, and three different CS-enhanced diets for twelve days (Figure 1 ). From day 13 -211 17, methane emission was measured using a respiration chamber, showing a significant 212 reduction of methane emission with increasing CS proportion in the diet (van Gastelen et al.,2015) . This decrease accounted for approximately 10% of the cows' methane emission. The 214 analysis by van Gastelen et al. (van Gastelen et al., 2015) showed that the dry matter feed 215 intake of the different treatment groups did not differ significantly. Therefore the reduction in 216 methane emission was not based on the available energy, but rather on the composition of the 217 different diets. 218
Rumen fluid was collected at day 17, and used for microbial RNA extraction, mRNA 219 enrichment and RNAseq. The complete set of RNAseq reads was cross-assembled into a 220 single metatranscriptome. To determine activity per phylogenetic group the de novo 221 assembled transcripts/genes were assigned to a taxonomic rank, and relative expression levels 222
were obtained for four groups of animals fed different diets. Gene functional assignments 223
were subsequently used to assess potential metabolic changes as predicted from the gene 224 expression profiles observed in animals fed the four different diets, with a focus on 225 carbohydrate breakdown, short chain fatty acid (SCFA) production and methane metabolism. In total more than 160 million reads were obtained from twelve rumen fluid samples. 236
On average, 22.5% (Standard Deviation (SD) 6.15%) of all reads obtained per sample passed 237 all filtering steps, retaining 18.5% of the total raw reads. Of these filtering steps, the filtering 238 for rRNA sequences had the most impact, and removed the majority of the reads with an 239 average of more than 63% (SD 8.75%) (all details are given in Supplementary including the data assigned to the 13 genera) that could only be assigned at higher taxonomic 259 levels (Archaea, Bacteria, Bacteroidales, Bacteroidetes, Clostridia, Clostridiales, 260
Coriobacteriaceae, Eukaryota, Firmicutes, Methanobacteriaceae, Peptostreptococcaceae). 261
Fungal genes could be detected, but accounted for less than 0.1% of the overall expression. 262 184,991 genes without a taxonomic assignment accounted for 32% of the total expression. To 263 only 34,731 of these genes (18.7%) any type of domain (excluding "Coils" domain) could be 264 assigned, and only 2685 of these had an EC number assigned. Most present domains within 265 the proteins encoded by taxonomically not assigned genes were generic domains (e.g. 266 membrane lipoprotein attachment site, MORN repeat, P-loop containing nucleoside 267 triphosphate hydrolase, WD40 repeat, etc.) without more specific functions. 268
Methanogens were represented by sequence assemblies that could be assigned to 269
Methanobrevibacter smithii, Methanobrevibacter ruminantium and Methanosphaera 270 stadtmanae. Reads mapping to protein coding genes assigned to methanogens captured on 271 average 6.2% of the overall expression. In general, the overall taxonomic expression profile 272 of the methanogens did not seem to change considerably between the different diets ( Figure  273 2). When expression was summarized at genus level (or otherwise deepest taxonomically 274 assigned group, as given in Figure 2 , with minor groups treated together as "all other 275 taxonomic groups"), the lowest correlation between all samples was 0.85. All microbial 276 groups included in Figure 2 were furthermore tested (after exclusion of cows 511 and 14, due 277 to mentioned aberrations) for statistically significant differences between animals fed the 278 different diets (Mann-Whitney U test, p<0.05, not multi-test corrected), which was rejected For profile A, i.e. genes that did not follow a diet specific expression profile, most genes were 315 related to general energy metabolism/carbohydrate breakdown and ribosomal protein 316 production, as well as transport reactions. No other major functions seemed to be affected in 317 the diet-unspecific way characteristic of profile A, and most of the genes within this group 318 could be linked to the Clostridiales, but also to Bacteroidales, Actinobacteria and Archaea. 319
Most predominantly represented taxa among genes following transcription profile B were 320 bacteria belonging to the order Clostridiales, and to a lesser extent the genera Prevotella, 321
Proteobacteria and Actinobacteria, but more than half of the differentially expressed genes 322 could not be classified below kingdom level. The most affected functions were ribosomal 323 protein production (mainly Eukaryota), and nucleotide metabolism in different groups, 324 including the Eukaryota. The almost complete lack of genes associated with Archaea and/or 325 methanogenesis among the genes with expression profile B indicated that there was hardly 326 any increase of methanogenic activity with the increase of CS. 327
Among the genes exhibiting a lower expression upon increasing the amount of CS in the diet 328 (profile C), the main represented microbial groups included three different methanogens 329 (Methanobrevibacter smithii, Methanobrevibacter ruminantium, Methanosphaera 330 stadtmanae), members of the genus Prevotella, and many genes, which could not be classified 331 beyond the order Clostridiales. Functional profiling showed that the most downregulatedprocesses were related to methanogenesis, electron transport and regulatory processes in the 333
Archaea, as well as general metabolic functions like glycolysis, ATP generation or ribosomal 334 protein production in all affected groups. Increased expression could also be observed for nine 335 genes encoding putative non-ribosomal peptide synthase (NRPS) modules, among which 336 three were taxonomically linked to M. ruminantium whereas the other six NRPS modules 337 could not be classified beyond the kingdom bacteria. 338
With an increase of CS in the diet, Eukaryota appeared to show a decrease in their expression 339 of genes encoding glycosylhydrolases (GH) and glycosyltransferases (GT). Furthermore, they 340 also showed differential regulation of genes associated with movement abilities and 341 cilia/cytoskeleton assembly, chaperons and ribosomal proteins in response to the diet changes. 342
Most of the sequences (71.9%) assigned to the Eukaryota could not be classified below the 343 kingdom level. For example, of the 85 differentially expressed genes encoding proteins 344 involved in cilia/cytoskeleton assembly, only 12 could be assigned to a rank more specific 345 than the kingdom level. Within all the classified eukaryotic sequences that showed consistent 346 downregulation with increasing CS in the diet, the phylum Apicomplexa was the most 347 represented, whereas the family of Ophyoscolecidae (Entodinium, Epidinium) showed a 348 specific downregulation of GH encoding genes. 
Expression of archaeal genes involved in methane metabolism 435
A considerable amount of differentially expressed genes in the Archaea was found to encode 436 proteins involved in methane metabolism. Based on the RNAseq data almost the completepathways leading to methanogenesis could be reconstructed (Fig. 6) . Closer inspection 438 revealed that with an increase of CS in the diet, nearly all genes of the methanogenesis 439 pathways were downregulated in a subset of the Archaea (expression profile C). Of the four 440 possible methanogenic pathways, those for the production of methane from 441 methanol/hydrogen, as well as from formate/carbon dioxide and hydrogen were affected. 442
Proteins for the utilization of trimethylamines into methane could be detected in the dataset, 443 but were not differentially expressed between animals fed the different diets. The pathway for 444 methanogenesis from acetate was absent in the dataset. 445
Among genes assigned to Methanosphaera stadtmanae, genes coding for proteins involved in several genes encoding proteins involved in the biosynthesis of coenzyme F420 was 456 downregulated with an increasing amount of CS in the diet (profile C). Some of these 457 reactions could only be assigned to taxonomic levels above species, but the placements of 458 these functions in the metabolic network indicate that they most probably can also be assigned 459 to M. smithii. 460
Expression of genes encoding transporters for formate uptake were also downregulated 461 (profile C), as well as genes involved in other processes related to methanogenesis, e.g. the 462 general production of ATP, electron transport via the membrane, and sodium transport. 463
Nearly none of the genes that could be assigned to the third detected major methanogen in the 464 dataset, Methanobrevibacter ruminantium, showed considerable downregulation, however, it 465 should be noted that several archaeal genes, including several genes encoding proteins 466 involved in methanogenesis, could not be classified at the species level and therefore it cannot 467 be excluded that some of these in fact also belong to this species. Differential regulation of 468 genes assigned to a potential syntrophic partner of M. ruminantium, Butyrivibrio 469 proteoclasticus (Leahy et al., 2010) , could only be detected in a few genes. Genes assigned to 470 other formate producing organisms were also present in the data, pointing towards their 471 potential involvement as syntrophic partners, however, no differential expression was 472 observed for these genes, making deduction of possible syntrophic connections difficult. 473
Further analysis of the data at the functional level showed downregulation of the expression 474 of genes encoding proteins linked to the production of necessary substrates for 475 methanogenesis. Expression of one of the genes encoding a subunit of pyruvate formate lyase 476 (EC 2.3.1.54) that catalyses the production of formate from pyruvate was downregulated in a 477 bacterium in the order Clostridiales, which could not further be classified, as well as in 478 isolated single nodes involved in methanogenesis, but whole pathways were downregulated. 522
We further found evidence for a possible syntrophy between these methanogens and severalyet unidentified members of the rumen community belonging to the order of Clostridiales, 524 which might contribute to the production of the necessary substrates (formate, methanol) for 525 the methanogens, which was also discussed (albeit with potentially different syntrophy 526 partners) in a related setup by Parmar et al. (Parmar et al., 2017) . Additionally we observed a 527 downregulation of cellulose degradation functions with increased CS in the diet. For M. 528 ruminatium, we did not see a significant response to the diet changes nor did we see a 529 significant response in possible syntrophic partners. Thus it may be that in addition to diet 530 changes other types of biological effectors are necessary to further influence the process. Our 531 findings are also in contrast to those reported by Shi et al. (Shi et al., 2014) , who concluded 532 that in the sheep rumen the supply of hydrogen is the determining factor for methane output, 533 whereas in the present study the supply of other substrates seem to have a bigger influence. 534
We further observed community wide responses to the change in the main energy/carbon 535 source, with a shift in the involved glycosylhydrolases over multiple organisms and 536 phylogenetic branches. Nevertheless, we did not observe a response in all members of the 537 microbial community. While there was a definite downregulation of certain processes like 538 methanogenesis, these processes were not affected in all organisms. To this end, it should be 539 noted that the total gene count assigned to members of the Archaea greatly exceeded the size 540 of currently known individual archaeal genomes, suggesting the presence of multiple strains 541 of the same species in this environment (Hudman and Gregg, 1989; Sasson et al., 2017) . Not 542 all of these strains seemed to be affected by the different diets, as there were also instances of 543 pathways, which did not show a differential regulation at all. As already observed here for the 544 different species of methanogens, which were potentially affected because their syntrophic 545 partners were affected, this could also be the case for the different strains of the same species, 546 which might inhabit different niches in the rumen. It cannot be expected that e.g. 547 methanogens living intracellularly within protozoa (Finlay et al., 1994) are in the same wayaffected as free living methanogens are, and that populations living closer to the substrates, 549
i.e. those associated with the fibre fraction, will show the same behaviour as populations in 550 the liquid fraction of the rumen (Mullins et al., 2013) . Finally, as overall a reduction of 551 methane production by ~10% was observed in this study when comparing animals fed either 552 the GS or CS diets, it is perceivable that not all pathways and microorganisms are affected to 553 an extend that would be detectable in significant differences in gene expression levels, also 554 considering the relatively small sample size of three animals per experimental group. 555
Unexpected findings and limitations 556
Several findings in this study were surprising, at least at first glance. 557
As shown in Figure 2 , and also shown by the statistical testing, the overall expression profile 558 did not change significantly. A major change in the supplied feed was expected to result in 559 significant changes though. Also the study of Roehe et al. (Roehe et al., 2016) showed no 560 considerable changes in the relative abundance of organisms in a similar setting. We showed 561 that the main changes are not within a taxonomic group, but rather the expression patterns per 562 taxonomic group, which also explains the findings by (Roehe et al., 2016) . 563
There are also concerns that differential expression analysis in communities could not reflect 564 actual differential expression, but rather a change in organism abundance, leading to wrongly 565 perceived changes in expression. Since in this dataset the overall expression profile per group 566 did not statistically significantly change (although the small sampling size gives only limited 567 power to detect this change), this is likely not an issue, and genes detected as differentially 568 expressed are probably truly differentially expressed. 569
The overall taxonomic composition itself as shown in Figure 2 in general agrees with 570 previous findings, as most of the major taxonomic groups were reported previously (Jami et 571 al., 2013) . This is also the case for the methanogens, which are similar to the ones commonly 572 found the rumen of cows (Carberry et al., 2014 ) and other ruminants (Li et al., 2014; Seedorf 573 et al., 2015) . Despite this, it should be noted that the genes assigned to Methanobrevibacter 574 smithii most likely belong to a related species/group of Methanobrevibacter, since M. smithii 575 itself is not a dominant member of the rumen microbiota, but the closest sequenced relative of 576 the species appearing in the rumen (Janssen and Kirs, 2008) . 577
As shown in Figure 3 , we also recovered changing expression profiles, which did not 578 correspond with the diets. We were not able to find any specific functional background for 579 these profiles, and suspect that some organisms are influenced more by the surrounding 580 community members and not primarily by the diet, or maybe inhabit very specific niches. 581
This would be in agreement with the findings in Figure 4 and 5, which show that a minor 582 amount of carbohydrate active enzymes and binding modules show expression profiles 583 against the expected trend, e.g. increase in expression of some cellulose degrading enzymes 584 while less cellulose is fed (Özcan and Johnston, 1999; Sloothaak et al., 2015) . It could also be 585 possible that this change in expression reflects a change in metabolic strategy. As response to 586 e.g. the lower abundance of cellulose in the environment, the affected organisms could 587 attempt to downregulate the expression of genes coding for cellulose binding modules with 588 low affinity, and upregulate the expression for genes coding for modules with high affinity. 589
This mechanism is similar to the regulation of carbohydrate transporters in different 590
organisms (Özcan and Johnston, 1999; Sloothaak et al., 2015) . Additionally it needs to be 591 considered that initial annotations might not always be correct. We found an increase in 592 cohesin and dockerin coding modules with an increase of starch in the diet. These 593 components are primary known as cellulosome components, but non-cellulosomal origin of 594
